Background-Connexins are a widespread family of membrane proteins that assemble into hexameric hemichannels, also known as connexons. Connexons regulate membrane permeability in individual cells or couple between adjacent cells to form gap junctions and thereby provide a pathway for regulated intercellular communication. We have now examined the role of connexins in platelets, blood cells that circulate in isolation, but upon tissue injury adhere to each other and the vessel wall to prevent blood loss and facilitate wound repair.
FRAP measurements
Fluorescence recovery after photobleaching (FRAP) measurements were made on an Olympus inverted microscope with a confocal laser scanning module (Olympus FluoView1000) as described previously. 22 Briefly, human citrated whole blood was incubated with calcein AM (2μg/ml) (Sigma Aldrich) for 20 minutes at 30°C, with exposure to gap junction blockers [100μg/ml 37, 43 Gap27 23 ; 100μM carbenoxolone or 18β-glycyrrhetinic acid (18β-GA)]; or appropriate control during the final 10 minutes. The blood was then perfused over a collagen (100μg/ml)-coated cover slip in a laminar flow chamber at a shear rate of 1000s −1 and thrombi were allowed to form for 3 minutes. The unbound dye and free blood cells were washed away by perfusing platelet poor plasma for 2 minutes. After confirming the absence of free dye, thrombi were selected via a 60X oil immersion objective lens (UPLSAPO 60XO, NA 1.35, UK) and an 8μm diameter circular region at the centre of the thrombus was exposed to high intensity 488nm laser light for 300 milliseconds to achieve 85% photobleach of fluorescence. Fluorescence images were continuously acquired 8 seconds before and 72 seconds after photobleach. Five thrombi were analysed for each of 4 donors for each of the gap junction blockers. A 40mW multiline argon laser was used for both imaging and photobleach, with outputs of 0.8% and 20% respectively of the 488nm line. Average fluorescence intensities for bleached, non-bleached, and background regions were recorded for each time point. Fluorescence signals were corrected for background and steady loss of signal due to imaging illumination and expressed as F/F0 ratios to normalise fluorescence levels (F) against starting fluorescence (F0). Fluorescence intensities were measured using FluoView software and further analysed using Slidebook5 software (Intelligent Imaging Innovations).
Statistical analysis
The data obtained from FRAP and in vitro thrombus formation experiments in the presence and absence of various gap junction blockers were analysed by general linear model with repeated measures using SPSS (Version 17) statistical package (IBM, USA). The data obtained from clot retraction, aggregation, fibrinogen binding, calcium mobilisation and granule secretions in human samples using gap junction blockers were analysed simultaneously using non-parametric Kruskal-Wallis global statistical method and each inhibited sample was compared with the control using Dunn's multiple comparison test using GraphPad Prism (Version 5.04) from GraphPad Software. Inc (USA). Data obtained from control and Cx37 −/− mice were analysed using non-parametric Mann Whitney test using GraphPad Prism.
Results

Presence of connexins in platelets
In order to study potential connexin expression in blood cells and megakaryocytes, we analysed transcriptomics data obtained using an Illumina bead chip-based array by the Bloodomics Consortium. 24 Varying levels of expression of mRNA for 16 different connexins was found in human megakaryocytes. The transcript for Cx37 was most highly expressed compared to other connexins and in comparison with other human blood cells ( Figure 1A ). Notable levels of Cx62 and Cx40 mRNAs were also detected in megakaryocytes. Quantitative PCR analysis using mRNA obtained from a highly purified population of human platelets also confirmed the expression of Cx37 ( Figure 1B Europe PMC Funders Author Manuscripts detected. In addition to Cx37, expression of Cx32 ( Figure 1D ) and Cx43 ( Figure 1E ) was also detected in human platelets. The identification of Cx43 in platelets is consistent with the identification of this protein in megakaryocytes. 25, 26 In accordance with previous reports 27 Cx32 and Cx43 were not detected in HeLa cell lysates. It was not possible to assess the expression of Cx62 due to the lack of specific antibodies against this protein.
The presence of connexins on the surface of platelets was confirmed by immunohistochemistry using antibodies which recognise the extracellular regions of Cx32, Cx37, Cx40 and Cx43. 28 Washed platelets were allowed to spread on fibrinogen-coated cover slips and immunolabelled with specific antibodies, and analysed using fluorescence microscopy. Connexins were detected on the surface of platelets ( Figure 1F ), an observation that was confirmed by flow cytometry ( Figure 1G ).
Gap junctions in platelets
Transmission electron microscopy was used to determine whether gap junction-like structures form between platelets. Washed human platelets were aggregated with thrombin, pelleted, and processed for epoxy resin embedding. The pellet was sectioned (90nm thickness), using an ultra microtome, and stained before analysis by transmission electron microscopy. Electron micrographs show apposite membrane structures between platelets ( Figure 2A ) typical of gap junction-like structures well established in other cell types. 1, 7, 29 To further explore the existence of connexins and gap junction-mediated intercellular communication between platelets in a thrombus, we used FRAP, which allowed the study of the migration of the fluorescent dye, calcein from one cell to another through gap junction channels in the presence or absence of gap junction blockers following photobleaching of recipient cells. 22 Fluorescence recovery was approximately 14% in control-treated thrombi but reduced to 2% in the presence of 37, 43 Gap27, a connexin mimetic peptide (SRPTEKTIFII) designed to target the extracellular loops of Cx37 and Cx43, and the nonisotype selective connexin inhibitors, carbenoxolone (100μM) or 18β-GA (100μM) ( Figure  2B ). These observations are consistent with previous FRAP studies of gap junctions between adipose tissue-derived mesenchymal stem cells, 30 and provide strong evidence for the involvement of gap junction-mediated intercellular communication between platelets within a thrombus.
We hypothesised that such communication may help regulate the coordinated response of platelets within the thrombus. Subsequent to the binding of fibrinogen, the integrin α IIb β 3 transduces signals into the cell triggering platelet spreading, and in the latter phase of thrombus formation, clot retraction. 31 Such outside-in integrin signalling through α IIb β 3 may be isolated through the measurement of clot retraction in vitro. 32 The effect of gap junction blockers on clot retraction was therefore measured. Platelet clots were initiated by the addition of thrombin to PRP in the absence or presence of gap junction blockers (100μg/ ml of 37, 43 Gap27; 100μM of carbenoxolone or 18β-GA), and the retraction rate of the clot was monitored over 5 hours. Initial clot formation (clot weight 15 minutes after addition of thrombin) was not altered in the presence of the gap junction blockers (Supplemental Figure  1) . Notably, clot retraction was 3-fold slower in the presence of each gap junction blocker at 90 minutes compared to control-treated samples ( Figure 2C ). However after 5 hours the clots formed in the presence of carbenoxolone and 18β-GA were retracted similar to control samples, while the rate of clot retraction was still slower with 37, 43 Gap27. These data suggest that outside-in signalling through α IIb β 3 which controls the coordinated process of clot retraction is influenced by gap junction function. 
Gap junction blockers inhibit platelet activation
The effect of 37, 43 Gap27, carbenoxolone and 18β-GA on platelet aggregation in response to various activators of platelet function was also explored. Different concentrations of each of the gap junction blockers were tested using a GPVI selective ligand, CRP-XL (0.5μg/ml and 1μg/ml) as an agonist and the effect recorded using optical aggregometry. Aggregation induced by a low concentration of CRP-XL was reduced at all concentrations of the gap junction blockers. Inhibition of 40%, 50% and 75% was observed with 37, 43 Gap27 (100μg/ ml), carbenoxolone (100μM) and 18β-GA (100μM) respectively when 0.5μg/ml CRP-XL was used ( Figure 3A ). Lower levels of inhibition were noted with 1μg/ml CRP-XL ( Figure  3B ). Aggregation was monitored over an extended period of 10 minutes during which time inhibition was maintained (Supplemental Figure 2A) . Similarly, 37, 43 Gap27, carbenoxolone and 18β-GA mediated inhibition of platelet aggregation to collagen and ADP was also observed (Supplemental Figures 2C and 2D) . A scrambled peptide (REKIITSFIPT) was used in platelet aggregation analysis as a control for 37, 43 Gap27 and showed no inhibitory effects (Supplemental Figure 3) .
Platelet aggregation is dependent on modulation of the conformation of α IIb β 3 through inside-out signalling to increase its affinity for fibrinogen binding. 21 Thus, as a marker for inside-out signalling, fibrinogen binding, was measured on the surface of the platelets by flow cytometry. PRP (diluted 100 fold) was stimulated with CRP-XL (1μg/ml) in the absence or presence of gap junction blockers for 90 seconds and fibrinogen binding measured. CRP-XL-stimulated fibrinogen binding was reduced significantly in the presence of gap junction blockers; 30% with 37, 43 Gap27 (100μg/ml), 60% with carbenoxolone (100μM) and 70% with 18β-GA (100μM) ( Figure 3C ). Lower concentrations of 37, 43 Gap27 (10 & 50μg/ml), carbenoxolone (10 & 50μM) and 18β-GA (10 & 50μM) also showed clear reduction in fibrinogen binding (Supplemental Figure 4) . This illustrates the involvement of connexins in inside-out integrin signalling in platelets that results in platelet aggregation. Since, this assay was performed using flow cytometry gating on the population of individual platelets, the inhibition of platelet function suggest the potential role for connexin hemichannels in platelets. Functions of hemichannels in various other cell types have been reported, the inhibition of which may be achieved using gap junction blockers such as carbenoxolone, 18β-GA and 37, 43 Gap27. 7, 8 Since aggregation was largely inhibited by the gap junction blockers at low concentrations of CRP-XL, the phosphorylation levels of various proteins involved in the GPVI pathway which is stimulated upon binding at collagen or CRP-XL was analysed. Platelet lysates were prepared after stimulation with CRP-XL (0.5μg/ml) in the absence or presence of gap junction blockers (100μg/ml of 37, 43 Gap27; 100μM of carbenoxolone or 18β-GA). Phosphotyrosine and phospho-specific antibodies against Lyn, LAT, Vav, PLCγ2 and AKT proteins were used to assess phosphorylation status by immunoblot analysis. The total ( Figure 3D ) and individual protein ( Figure 3E ) phosphorylation levels were unaffected after treatment with gap junction blockers suggesting that connexins are not involved in the control of receptor proximal events, but instead can modulate the signalling further downstream which may be shared with activation mechanisms stimulated by other agonists. This is consistent with the observed effects of gap junction blockers on the response of platelets to a range of agonists.
The effect of gap junction blockers on platelet activation stimulated by thrombin, which stimulates human platelet activation via the protease activated G-protein coupled receptors, PAR-1 and PAR-4 33 was measured. Thrombin-stimulated (0.09U/ml and 0.18U/ml) aggregation was also inhibited by each of the gap junction blockers (100μg/ml 37, 43 Gap27; 100μM carbenoxolone or 18β-GA). Inhibition of 60%, 70% and 80% with 37, 43 Gap27, carbenoxolone and 18β-GA respectively was recorded when 0.09U/ml thrombin used ( Figure 3F ) and maintained over 10 minutes (Supplemental Figure 2B ). Inhibition was also maintained at lower concentrations of gap junction blockers (Supplemental Figure 5 ). Inhibition was markedly less pronounced with each gap junction blocker at a higher concentration of thrombin ( Figure 3G ). As observed with CRP-XL, the levels of thrombinstimulated total protein tyrosine phosphorylation remained unaffected after treatment with gap junction blockers ( Figure 3H ). These data suggest that the connexins play a key role in platelet functional responses in both GPVI-and GPCR-stimulated activation pathways, although these do not appear to modulate early kinase mediated signalling events.
Platelet connexins and calcium signalling
Immediately downstream of the early signalling events, elevation of intracellular calcium levels is essential for platelet activation and thus is important in thrombus formation. Calcium mobilisation plays a paramount role in various platelet functions including reorganisation of the actin cytoskeleton necessary for shape change, 34 degranulation and integrin α IIb β 3 affinity modulation. 35 In platelets, a major central mechanism for elevation of cytosolic Ca 2+ is through release from intracellular stores following phospholipase C mediated generation of inositol-1, 4, 5-trisphosphate (IP 3 ) which releases calcium from dense tubular system. 36 In addition, platelets express several pathways for Ca 2+ influx across the plasma membrane. 37 These include store-operated Ca 2+ entry through Orai1 [38] [39] [40] store-operated Ca 2+ channels, ATP-gated P2X1 [41] [42] [43] receptors and TRPC6 44 channels activated by diacylglycerol or phosphatidylinositol 4, 5-bisphosphate depletion.
In order to assess whether connexins play a role in regulating calcium mobilisation, intracellular calcium levels were measured in fluo4 NW dye loaded platelets (PRP) in the absence or presence of gap junction blockers (100μg/ml 37, 43 Gap27; 100μM carbenoxolone) for 90 seconds after stimulation with CRP-XL (0.5μg/ml or 1μg/ml) by spectrofluorimetry. Similar to their effects on aggregation, peak calcium levels were reduced by 25% and 40% by 37, 43 Gap27 and carbenoxolone respectively, following stimulation with CRP-XL (0.5μg/ml) ( Figure 4A and 4C) (18β-GA was not used in this assay due to its incompatibility with the dye, fluo4 NW). The inhibition was maintained at lower concentrations of gap junction blockers upon stimulation with 0.5μg/ml CRP-XL (Supplemental Figures 6A and 6B ). The inhibitory effects were maintained at the higher concentrations of CRP-XL ( Figure 4B and 4D). Similar experiments were performed in the presence of EGTA to block calcium influx and formation of platelet aggregates following platelet stimulation. The overall cytosolic calcium levels were reduced compared to the levels obtained in the absence of EGTA, although the gap junction blockers maintained their ability to inhibit cytosolic calcium elevation (15% by 37, 43 Gap27 and 25% by carbenoxolone) stimulated by CRP-XL ( Figure 4E -4H). The inhibitory effects were still observed at lower concentrations of gap junction blockers upon stimulation with 0.5μg/ml CRP-XL (Supplemental Figures 6C and 6D ). These results suggest that connexins predominantly influence release of calcium from intracellular stores in platelets, although they may also control influx of calcium across the plasma membrane. Although the exact mechanism is unknown, it is interesting to note that extracellular Ca 2+ levels are known to modulate hemichannel opening in other cell types. 7 Therefore, connexins could operate to promote intercellular signalling by diffusion of messengers such as IP 3 and Ca 2+ between platelets following contact or in enhancing membrane-membrane interactions to promote outside-in signalling as shown for Eph kinases and Ephrins, 45 or indeed through sustained hemichannel function within a thrombus.
Role of connexins in platelet granule secretion
One of the ways in which platelets influence the formation of thrombus is through the release of granule contents. To analyse the involvement of connexins on platelet granule Europe PMC Funders Author Manuscripts secretion, both α and dense granule secretion was assayed in the absence or presence of gap junction blockers (100μg/ml 37, 43 Gap27; 100μM carbenoxolone or 18β-GA). α-granule secretion was assessed by measuring the levels of P-selectin exposed on the surface of platelets after stimulation with CRPXL using flow cytometry analysis in washed platelets. CRP-XL (0.5μg/ml)-stimulated α-granule secretion was reduced by 30%, 70% and 75% with 37, 43 Gap27, carbenoxolone and 18β-GA respectively ( Figure 5A ). Similar levels of inhibition were seen with higher concentrations of CRP-XL (e.g. 1μg/ml) ( Figure 5B ). Furthermore, lower concentrations of gap junction blockers inhibited the level of P-selectin exposed on the surface (Supplemental Figures 7A-7D ).
To determine the role of hemichannels separate from the gap junctions formed during platelet-platelet contact, the effect of the connexin blockers was also assessed on α-granule secretion under conditions that disfavour aggregation [presence of EGTA (1mM), indomethacin (10μM) (to prevent the thromboxane A 2 synthesis) and apyrase (2U/ml) (to prevent ATP and ADP activation of platelets)]. This, combined with flow cytometry analysis, enabled their effects on individual platelets to be studied. The maintenance of single platelets was confirmed by microscopy. α-granule secretion was reduced by 30%, 70% and 80% with 37, 43 Gap27, carbenoxolone and 18β-GA respectively at low concentration of CRP-XL (0.5μg/ml) ( Figure 5C ), and the inhibition was maintained at a higher concentration of CRP-XL (1μg/ml) ( Figure 5D) . Similarly, the level of inhibition was clearly observed when low concentrations of gap junction blockers used (Supplemental Figures 7E-7H ).
The effect of gap junction blockers on dense granule secretion was assessed by measuring ATP secretion after platelet activation with CRP-XL using a luciferin-luciferase luminescence assay. Platelets were activated with CRP-XL (0.5μg/ml & 1μg/ml) in the absence or presence of gap junction blockers, and both aggregation and ATP secretion were measured simultaneously. ATP secretion was reduced by approximately 20% in the presence of 37, 43 Gap27 (100μg/ml), and around 60% and 80% in the presence of carbenoxolone (100μM) and 18β-GA (100μM) respectively at 0.5μg/ml of CRP-XL ( Figure  5E ). The inhibition of dense granule secretion by gap junction blockers was still observed at higher concentration of CRP-XL although the aggregation effects were largely overcome ( Figure 5F and 3B).
Similar experiments were performed to assess the effect of gap junction blockers under conditions that disfavour aggregation (as above). ATP secretion was reduced by around 25% in the presence of 37, 43 Gap27 (100μg/ml) and around 60% and 75% in the presence of carbenoxolone (100μM) and 18β-GA (100μM) respectively ( Figure 5G ). The inhibitory effects were maintained at higher concentration of CRP-XL ( Figure 5H ). The ability of gap junction blockers to inhibit granule secretion upon activation and under conditions that disfavour aggregation, indicates that connexins regulate platelet activation even in the absence of gap junction formation.
Effect of gap junction blockers on thrombus formation
Given the presence of connexins on platelets, their ability to form gap junctions and the importance of hemichannels in regulating platelet function, we speculated that connexins might make an important contribution to thrombus formation. Thus, thrombus formation was analysed in vitro by fluorescence microscopy in whole blood under arterial flow conditions in the presence or absence of gap junction blockers. Captured images were analysed by calculating the size and number of thrombi formed, the sum intensity of fluorescence and total thrombus volume. The results indicate that the size, number and volume of thrombi were reduced by all three gap junction blockers ( Figure 6A ). The sum intensity of thrombi was reduced by approximately 40% (at 10 minutes) with 37, 43 Gap27
(100μg/ml) and 18β-GA (100μM), whereas, carbenoxolone (100μM) inhibited by approximately 65% (Figure 6B-6E) .
To assess the impact of gap junctions in vivo, the effect of 37, 43 Gap27 on arterial thrombosis was measured using a laser injury model in mice. 46 37,43 Gap27 also inhibited mouse platelet aggregation as observed with human platelets (data not shown, and Figure 3 ). Following injury, subendothelial collagens are exposed to the blood and thrombus formation is induced at the site of injury. Platelets were labelled with an anti-mouse GPIbβ Alexa fluor-488 antibody. Thrombus formation was monitored over a period of 180 seconds at the site of injury, and the rate and size of thrombus development analysed by calculating the fluorescence intensity. Data analysis was performed for multiple thrombi obtained from 4 control or 37, 43 Gap27 (100μg/ml of blood)-treated mice. The initial adherence of platelets at the site of injury was relatively unaffected and thus the initial kinetics of thrombus formation was similar in both control and 37, 43 Gap27 treated animals. Overall thrombus growth, however, were reduced by around 70% in 37, 43 Gap27-treated mice ( Figure 6F and 6G). Together, these data confirm the involvement of connexins in thrombus formation under in vivo conditions.
Characterisation of Cx37 deficient mouse platelets
Since the connexin mimetic peptide, 37, 43 Gap27 binds Cx37 and Cx43, in order to further assess the specific roles of Cx37 in platelet function, we used a genetic approach and examined the function of platelets from Cx37 knockout (Cx37 −/− ) mice. 47 Developmental defects in Cx37 deficient platelets were excluded through analysis of cellular and subcellular morphology and receptor expression levels. Electron microscopy analysis revealed that the morphology of platelets from Cx37 +/+ and Cx37 −/− were indistinguishable, with α-and dense granules of normal appearance and frequency (data not shown). Flow cytometry was employed to measure the expression of platelet surface receptors such as α IIb β 3 ( Figure 7A ), GPVI ( Figure 7B ) and GPIb ( Figure 7C ), which were found to be unchanged in Cx37 −/− platelets. Similarly the expression level of integrin α2 subunit was confirmed to be normal by immunoblot analysis ( Figure 7D ). It is possible that deletion of the Cx37 gene (Gja4) may result in compensatory effects on the expression of other platelet connexins. The levels of other platelet connexins such as Cx32 and Cx43 (identified in this study) were also examined by immunoblot analysis. As expected, Cx37 ( Figure 7E ) was confirmed to be absent in Cx37 −/− mice platelets. Cx32 ( Figure 7F ) and Cx43 ( Figure 7G ) were detected at similar levels in platelets from Cx37 +/+ and Cx37 −/− mice.
Effect of Cx37 deficiency on murine platelet function
Aggregation assays were performed using washed mouse platelets at the density of 2×10 8 / ml using an optical aggregometer. The aggregation of Cx37 −/− platelets was reduced by around 60% at the concentration of 0.5μg/ml CRP-XL ( Figure 8A and 8B) in comparison to Cx37 +/+ platelets. At the higher concentration of CRP-XL (1μg/ml), the reduction was around 20% (Figure 8C and 8D) . These results are consistent with data obtained with human platelets in the presence of the connexin mimetic peptide inhibitor, 37, 43 Gap27 ( Figure 3A and 3B).
Fibrinogen binding on the surface of platelets (in citrated whole blood) was measured upon activation by CRP-XL. This was also reduced (by approximately 50% at 0.5μg/ml CRP-XL and by 30% at 1μg/ml CRP-XL) in Cx37 −/− mice platelets compared to Cx37 +/+ platelets ( Figure 8E and 8F). In order to assess the role of Cx37 on granule secretion, P-selectin was measured using flow cytometry. Granule secretion was also reduced (by approximately 50% at 0.5μg/ml CRP-XL and 40% at 1μg/ml CRP-XL) in Cx37 −/− platelets compared to Cx37 +/+ platelets ( Figure 8G and 8H). Given the effects of gap junction blockers on clot retraction, similar assays were also performed using Cx37 −/− and Cx37 +/+ platelets. The weight of the remaining clot measured (after 5 hours) in Cx37 −/− was three times higher than Cx37 +/+ platelets indicating the reduced retraction in Cx37 −/− platelets [ Figure 8I (image shown on figure was taken at 90 minutes) and 8J]. This is consistent with the inhibitory actions of carbenoxolone, 18β-GA and 37,43 Gap27 on clot retraction in human PRP ( Figure 2C ) and point towards a fundamental role for gap junction mediated intercellular communication in the stimulation of platelet thrombus function.
Discussion
In the intact circulation platelets normally circulate as individual discoid bodies, but show a marked ability to adhere to each other to form a thrombus via the support of the integrin α IIb β 3 and the adhesion proteins fibrinogen and von Willebrand factor. 11 Recent studies 45 have indicated that sustained signalling is required to maintain thrombus stability, although little is known of how this is mediated. The contraction of the clot then ensues, a coordinated response driven by platelet integrins, 21 that results in the shrinking of the thrombus and the drawing together of wound edges. Given that platelet function may therefore be acutely regulated while in isolation in the plasma, and in concert within a thrombus, the possibility was explored that connexin hemichannels and gap junctions may be present in platelets and regulate the different phases of platelet function.
We report the expression of several members of the connexin family in human megakaryocytes and platelets, where Cx37 expression was found to be notably abundant. Consistent with the formation and function of gap junctions within the thrombus, dye transfer between cells was observed, and blocked by pharmacological connexin-blocking agents, including the Cx37 and Cx43 selective mimetic peptide, 37, 43 Gap27. The retraction of platelet-rich clots was also reduced in the presence of these agents, strongly supporting the notion that gap junction-dependent intercellular signalling within a thrombus is required for synchronised platelet function.
Connexin blocking agents were found to inhibit a range of platelet functions, including aggregation, α-granule secretion and fibrinogen binding, suggesting that prior to the association of platelets within a thrombus, hemichannels are also of importance for platelet function. While calcium signalling was diminished in the presence of gap junction blockers, it is unclear whether the mode of hemichannel function may be through ion channel functionality (e.g. by cooperation with Orai1, 38-40 TRPC6 44 and P2X1 [41] [42] [43] ) or through interaction with other components of the platelet cell machinery. As platelets become activated, the formation of initial micro-thrombi, leading to macro-thrombi may result in complex combinations of hemichannel and gap junction function, although the effect of gap junction blockers on platelets treated under conditions that disfavour platelet-platelet aggregation, strongly suggest initial platelet reactivity is modulated through hemichannels, and later events within the thrombus governed by gap junctions. The potent inhibition of both thrombus formation in vitro using human blood under arterial flow conditions and thrombosis in mice by gap junction blockers, suggest that gap junctions may offer new avenues for therapeutic intervention.
Our detailed characterisation of platelet function using three unrelated gap junction blockers in parallel point strongly to an activatory role for connexins in platelets. Due to the inability to truly inhibit the action of specific connexins, it is possible that this represents the compound actions of several connexins, each of which may exhibit different roles and regulation as hetero-or homomeric connexons in the context of platelet or platelet thrombi. To begin to dissect the roles of connexins, and particularly to focus on the family member most notably expressed (at transcript level) in megakaryocytes, we explored the function of Cx37 −/− mouse platelets. Cx37 −/− platelets were confirmed to lack Cx37 protein, however no abnormalities in platelet morphology or in their receptor expression levels were observed in comparison to Cx37 +/+ platelets. Further functional characterisation of Cx37 −/− platelets revealed clear inhibition in platelet function compared to control platelets. These results are consistent with the data obtained using human platelets in the presence of various gap junction blockers. Our dose response experiments using multiple approaches in human platelets along with detailed characterisation (including confirmation of genotype: lack of expressed protein) of Cx37 −/− mouse platelets confirm Cx37 to positively influence platelet function. It is important to note that while these experiments reveal positive role for Cx37 in platelet function, the potential contributions of other connexins identified in this study in the regulation of platelets (positive or negative) cannot be excluded.
It is interesting to reflect that recent studies implicate Cx37 on macrophages in inflammatory responses that lead to atherogenesis in susceptible mice. 19 Indeed, a single nucleotide polymorphism (C1019T) within the human Cx37 gene (GJA4) has been reported to be a potential prognostic marker for atherosclerosis and myocardial infarction. 48, 49 Given the established role of platelet-monocyte adhesion and the initiation or progression of atherosclerosis, it is tempting to speculate that the role of platelet connexin function may extend to platelet-immune cell intercellular signalling in a range of pathological conditions.
Prior to this study, Angelillo-Scherrer et al 50 also reported the expression of Cx37 (and no other connexins) in platelets where it was proposed to be involved in the regulation of platelet function. The prominent expression of Cx37 in human and mouse platelets is indeed consistent with our findings. In contrast to our work, however, they concluded that this connexin serves to inhibit platelet function. The reasons for this discrepancy are not entirely clear. We can conclude that platelets possess a range of connexin family members and therefore the situation may be more complex than originally suspected, although in some cases similar experimental approaches were employed. Moreover, in the above study, increased human platelet reactivity was reported using a single inhibitor, 18α-GA, which we have found to be inappropriate for analysis of platelet function due to its ability to activate platelet function in the absence of agonists (Supplemental Figure 8) . Indeed, in some aggregation data presented (in the previous study) concentrations of agonists were used that in themselves did not cause aggregation in many donors, calling into question whether increased responses in the presence of 18α-GA represented increased platelet sensitivity or were due to non-specific effects of the agent. To overcome this, in the present study a range of pharmacological agents were used that in the absence of a platelet agonist to do not cause platelet activation, allowing the study of connexin function in the presence of physiologically relevant levels of platelet activating factors. The substantial variability in response in the platelets from different donors in the previously published study was also a concern, and therefore we have presented cumulative data with appropriate statistical analysis.
Angelillo-Scherrer et al 50 also reported increased aggregation responses using the platelets from Cx37 −/− mice. We have scrutinised the methodologies used in both studies, since the experiments reported in the present study were obtained using the same mouse line. It is possible that differences in anticoagulants used may underlie apparent discrepancies in reactivity, although ambiguity in the methodology previously presented makes this difficult to confirm. It is interesting to note that given the high agonist concentrations used in the study of Angelillo-Scherrer et al 50 (e.g. collagen at 5μg/ml) very slow aggregation responses are observed particularly for analysis in platelet rich plasma, with no aggregation apparent until 100 seconds after stimulation. Furthermore, this is reversible, a characteristic of weak stimulation where secretion has not been stimulated.
The analysis of haemostasis and thrombosis in Cx37 −/− mice may present a useful insight into the function of this protein and potentially other connexins in platelets in vivo. Indeed, Angelillo-Scherrer et al report a reduction in bleeding time and increased thromboembolism, although the effects of systemic deficiency of Cx37 on endothelial cell/blood vessel susceptibility to injury have not been established. It may also be pertinent to note that Cx37 plays an important roles in lung function 51, 52 that may present further confounding issues in the thromboembolism model. Our analysis of thrombosis in vivo indicates that upon the general inhibition of connexin function thrombi formed are less stable. It is therefore possible that thrombi formed in Cx37 −/− mice are less stable compared to the Cx37 +/+ mice, and more susceptible to embolisation resulting in reduced the survival time. It is likely that cell (platelet) specific deletion of Cx37 and the other connexins detected in platelets will be necessary to completely unravel these inconsistencies between the studies, and to examine potential differential roles of different platelet connexins.
We conclude that our study provides detailed evidence for a fundamental role of connexins in platelet function. The connexins, particularly Cx37, contribute to the early phases of platelet activation through formation of hemichannels. In addition, they drive thrombus formation and subsequent clot retraction following gap junction formation. Further research is required to establish the molecular nature of the signalling mechanisms through which platelet connexins exert their effects. It is possible that they contribute to calcium signalling, although additional possibilities suggested in other cell systems, 53 such as the dilution of cGMP levels between platelets within a thrombus, and consequent reduction in inhibitory signalling, may also contribute to the effects. Finally, the identification and function of connexin hemichannels and gap junctions in platelets may represent potential targets for novel anti-platelet therapies.
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Clinical perspective
Upon blood vessel injury, platelets adhere to exposed subendothelial collagens and are activated, triggering thrombus formation in order to prevent bleeding. Inappropriate activation of platelets under pathological conditions such as atherosclerosis results in thrombosis which may lead to heart attack or stroke. Connexins are membrane proteins that assemble into channels (hemichannels or connexons) in the plasma membrane of selected cells facilitating communication between the cytoplasm and external environments. Docking of connexons on neighbouring cells also results in gap junctions which mediate direct intercellular communication. Hence, hemichannels and gap junctions coordinate and synchronise the functions of various tissues and organs for example the heart. In the present study, we report the presence of multiple connexins in platelets. The results of this study indicate that gap junctions form between platelets in thrombi and conduct intercellular signals that promote retraction of blood clots, an important step in wound repair. Connexins were also found to regulate the activation of isolated platelets, pointing towards the importance of hemichannels on platelets prior to thrombus formation. Consistent with this, the deletion of the Cx37 gene in mice resulted in reduced clot retraction and platelet activation. Inhibition of platelet connexins using pharmacological agents diminished thrombus formation in vitro in human blood and thrombotic responses in mice. Together, this study provides evidence for a fundamental role of connexin hemichannels and gap junctions in the activation of platelets and the regulation of thrombus function, and suggests that connexins may represent potential avenues for the development of novel antithrombotic agents. Role of connexins in platelet granule secretion. Granule secretion was measured by stimulating platelets with CRP-XL (0.5μg/ml and 1μg/ml) for 90 seconds. Platelets were stimulated and the level of P-selectin exposed on surface was measured by flow cytometry (A and B). P-selectin exposure was also measured in the presence of EGTA (1mM) (C and D). The level of P-selectin exposure with vehicle was taken as 100%. ATP release in platelets was measured using luminescence-luciferase substrate in the absence (E and 
